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The soil movement information over time is required for the design of foundations placed in expansive
soils. This information is also helpful for the assessment of pre-wetting and controlled wetting mitigation
alternatives for expansive soils. Several researchers during the past ﬁfteen years have proposed different
methods for the prediction of the soil movements over time. The available methods can be categorized
into (i) consolidation theory-based methods, (ii) water content-based methods, and (iii) suction-based
methods. In this paper, a state-of-the-art of the prediction methods is succinctly summarized. The
methods are critically reviewed in terms of their predictive capacity along with their strengths and
limitations. The review highlights the need for prediction methods that are conceptually simple yet
efﬁcient for use in conventional engineering practice for different types of expansive soils.
 2015 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
Expansive soils absorb large quantities of water after rainfall or
due to local site changes (such as leakage from water supply pipes
or drains), becoming sticky and heavy. Conversely, they can also
become stiff when dry, resulting in shrinking and cracking of the
ground. This hardening-and-softening is known as ‘shrink-swell’
behavior (Jones and Jefferson, 2012). When supporting lightly
loaded structures, the effect of signiﬁcant changes in moisture
content on soils with a high shrink-swell potential can be severe.
Hence, it is important to provide tools for practitioners to reliably
estimate the volume change behavior of expansive soils in ﬁeld.
Signiﬁcant advances were made during the last half-a-century to-
wards prediction of the heave and the shrink related volume
change behavior of expansive soils. The focus of most of the pre-
diction methods proposed in the literature however has been
towards estimating the maximum heave potential which occurs
when the soil attains the saturation condition. Rao et al. (2011),
Vanapalli and Lu (2012), and Vanapalli and Adem (2012) summa-
rized a number of methods for the prediction of heave potential of
soil. These methods are valuable; however, they do not provide
information of soil movements in the ﬁeld over time. The soil
moisture changes due to environmental changes or other factors).
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hts reserved.have a signiﬁcant inﬂuence on the soil movement changes with
time. For this reason, information related to the soil movement over
time is of practical interest for both the reliable design of founda-
tions for structures on expansive soils and the assessment of
pre-wetting and controlled wetting mitigation alternatives for
expansive soils.
Research particularly in the past ﬁfteen years has been directed
by various investigators to propose methods for the prediction of
the soil movement over time (e.g. Alonso et al., 1999; Briaud et al.,
2003; Vu and Fredlund, 2004, 2006; Zhang, 2004; Wray et al.,
2005; Overton et al., 2006; Nelson et al., 2007; Adem and
Vanapalli, 2013). Briaud et al. (2003) suggested that any method
developed to predict the movement of expansive soils over time
must include two components: (i) the range of water content or
soil suction ﬂuctuations as a function of time within the active
zone depth; and (ii) the constitutive law that links the soil state
variables (i.e. water content, soil suction, or mechanical stress) to
the volume change movement of the soil. The current methods of
the prediction of soil movement over time can be classiﬁed into
three categories based on the state variables used in their consti-
tutive laws: (i) consolidation theory-based methods that use the
matric suction and the net stress as state variables (i.e. extending
the two independent stress state variables concept proposed by
Fredlund and Morgenstern (1977)), (ii) water content-based
methods that use the soil water content as a state variable, and
(iii) suction-based methods that use the matric suction as a state
variable.
The aim of this paper is to review the state-of-the-art of
methods for predicting the in situ volume change movement of
expansive soil with respect to time. The current predictionmethods
are succinctly summarized and critically reviewed.
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The volume change behavior of an unsaturated soil primarily
involves two processes, i.e. the transient water ﬂow process and the
soil volume change process. These two processes are linked to each
other by the coupled consolidation theory of unsaturated soils.
The rigorous formulation for consolidation (i.e. volume change)
of unsaturated soils requires the continuity equation coupled
with the equilibrium equations (Fredlund and Hasan, 1979;
Dakshanamurthy and Fredlund, 1980; Lloret and Alonso, 1980;
Dakshanamurthy et al., 1984; Lloret et al., 1987; Fredlund and
Rahardjo, 1993; Wong et al., 1998; Vu and Fredlund, 2002). These
equations require constitutive relations for the volume change of
unsaturated soils as well as ﬂow laws for ﬂuid phases (air andwater
phases). The volume change constitutive relations/models for un-
saturated soils fall into two categories, i.e. elastic models and
elastoplastic models. The elastic models relate strain increments to
increments of net stress andmatric suction. Suchmodels have been
proposed by Fredlund and Morgenstern (1976) and Lloret et al.
(1987). The elastoplastic constitutive models have been also
developed for unsaturated soils. One of the ﬁrst elastoplastic
constitutive models developed for unsaturated soils was the Bar-
celona Basic Model (BBM) (Alonso et al., 1990), which was based on
the theoretical framework proposed by Alonso et al. (1987). The
concept allows the reproduction of many important features of
unsaturated soil behavior, such as collapse uponwetting, and is the
basis upon which most other elastoplastic models have been
developed. Those volume change constitutive models adopt the
idea of two independent stress variables, i.e. the net stress s  ua
and the soil matric suction ua  uw, where s is the total normal
stress, ua is the pore air pressure, and uw is the pore water pressure.2.1. Methods based on elastic constitutive models
Several researchers (Biot, 1941; Coleman, 1962; Matyas and
Radhakrishna, 1968; Barden et al., 1969; Aitchison and
Woodburn, 1969; Brackley, 1971; Aitchison and Martin, 1973;
Fredlund and Morgenstern, 1976, 1977; Lloret et al., 1987) devel-
oped volume change constitutive relationships based on the
assumption that the soil is elastic in nature for a large range of
loading conditions. Two constitutive relationships have been sug-
gested for describing the deformation state of unsaturated soils.
One constitutive relationship has been formulated for soil structure
(in terms of void ratio or volumetric strain) and the other consti-
tutive relationship has been formulated for water phase (in terms
of degree of saturation or water content).
By assuming that the soil behaves as an incrementally isotropic,
linear elastic material (i.e. an incremental procedure using small
increments of stressestrain can be used to apply the linear elastic
formulation to a non-linear stress versus strain relationship
(Fredlund and Rahardjo, 1993)), the soil structure constitutive
relation associated with the volumetric strain can be written as
dεv ¼ dεxþdεyþdεz ¼ 3ð12mÞE dðsmuaÞ þ
3
H
dðuauwÞ
¼ 1
B
dðsmuaÞþ 3HdðuauwÞ (1)
where εv is the volumetric soil strain; εx, εy, and εz are the normal
strains in the x-, y-, and z-directions, respectively; sm is the mean
total normal stress, and sm¼ (sx þ syþ sz)/3, in which sx, sy, and sz
are the normal stresses in the x-, y-, and z-directions, respectively; m
is the Poisson’s ratio; E is the modulus of elasticity for the soil
structure with respect to a change in net normal stress; H is themodulus of elasticity for the soil structure with respect to a change
in matric suction; and B is the bulk modulus of soil.
The constitutive equation for the water phase deﬁnes the water
volume change in the soil element for any change in the total stress
and matric suction. By assuming that water is incompressible, the
constitutive equation for the water phase can be formulated as a
linear combination of the stress state variables changes as follows
(Fredlund and Morgenstern, 1976):
dVw
V0
¼ dðsxuaÞ
Ew
þd

syua

Ew
þdðszuaÞ
Ew
þdðuauwÞ
Hw
¼ 3
Ew
dðsmuaÞþ 1HwdðuauwÞ (2)
where Vw is the volume of water in the soil element; V0 is the initial
overall volume of soil element; sx  ua, sy ua, and sz  ua are the
net normal stresses in the x-, y-, and z-directions, respectively; Ew is
the water volumetric modulus associated with a change in net
normal stress; and Hw is the water volumetric modulus associated
with a change in matric suction.
Fredlund and Morgenstern (1976) also provided the following
constitutive relationships for volume change of soil structure and
water phase in a compressibility form:
dεv ¼ dVvV0
¼ ms1 dðsm  uaÞ þms2 dðua  uwÞ (3)
dq ¼ dVw
V0
¼ mw1 dðsm  uaÞ þmw2 dðua  uwÞ (4)
where ms1 and m
s
2 are the coefﬁcients of total volume change with
respect to a change in net normal stress and a change in matric
suction, respectively;mw1 andm
w
2 are the coefﬁcients of pore water
volume change with respect to a change in net normal stress and a
change in matric suction, respectively. The coefﬁcients of total
volume changes can be calculated from constitutive surfaces for
void ratio and water content of soil.
Comparing Eqs. (1) and (2) with Eqs. (3) and (4), the relation-
ships among the volume change coefﬁcients are written as follows:
ms1 ¼
1
B
; ms2 ¼
3
H
; mw1 ¼
3
Ew
; mw2 ¼
1
Hw
(5)
In a three-dimensional (3D) consolidation problem, there are
ﬁve unknowns of deformation and volumetric variables to be
solved. These unknowns are the soil displacements in the x-, y-, and
z-directions, the water volume change, and the air volume change.
The soil displacements are used to compute the total volume
change of soil. The ﬁve unknowns can be obtained from three
equilibrium equations for the soil structure and two continuity
equations (water and air phase continuities). However, the pore air
pressure is generally assumed to be atmospheric and remains un-
changed during the consolidation process. In this case, only the
stress equilibrium condition and the water ﬂow continuity need to
be considered in the analysis.
(1) Equilibrium equations for soil structure
The stress state for an unsaturated soil element should satisfy
the following equilibrium condition:
sij;j þ bj ¼ 0 (6)
where sij,j is the component of the net total stress tensor, bj is the
component of body force vector.
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saturated soil is given as follows:
εij ¼
1
2

ui;j þ uj;i

(7)
where εij is the component of the strain tensor, ui is the component
of soil displacement in the i-direction.
By substituting the strainedisplacement equation (Eq. (7)) and
the stressestrain relationship (Eq. (1)) into the equilibrium equa-
tion (Eq. (6)), the differential equations for soil structure for general
3D problems can be written as
ðlþ GÞ vεv
vx
þ GV2u ð3lþ 2GÞ 1
H
vðua  uwÞ
vx
þ bx ¼ 0
ðlþ GÞ vεv
vy
þ GV2v ð3lþ 2GÞ 1
H
vðua  uwÞ
vy
þ by ¼ 0
ðlþ GÞ vεv
vz
þ GV2w ð3lþ 2GÞ 1
H
vðua  uwÞ
vz
þ bz ¼ 0
9>>>>=
>>>>;
(8)
where G is the shear modulus, and G ¼ E/[2(1 þ m)]; u, v, and w are
the displacements in the x-, y-, and z-directions, respectively; bx, by,
and bz are the body forces in the x-, y-, and z-directions, respec-
tively; l ¼ mE/[(1 þ m)(1  2m)]; V2 ¼ v2/vx2 þ v2/vy2 þ v2/vz2.
(2) Water continuity equation
The water continuity equation for unsaturated soils, assuming
that water is incompressible and deformations are incrementally
inﬁnitesimal, can be written as (Freeze and Cherry, 1979)
vðVw=V0Þ
vt
¼ vv
x
w
vx
iþ vv
y
w
vy
jþ vv
z
w
vz
k (9)
where v(Vw/V0)/vt is the net ﬂux of water per unit volume of the
soil, t is the time, and vw ¼ vxw i þ vyw j þ vzw k is the Darcy’s ﬂux
which relates to the hydraulic head (i.e. pressure head plus eleva-
tion head) using Darcy’s law:
vwi ¼ kwi
v
vxi

uw
rwg
þ Y

(10)
where vwi is the Darcy’s ﬂux in the i-direction, kwi is the hydraulic
conductivity in the i-directionwhich is a function of matric suction,
rw is the density of water, g is the gravitational acceleration, and Y is
the elevation.
The differential equation for water phase (Eq. (11)) was derived
by substituting the time derivative of the water phase constitutive
equation (Eq. (2) or (4)) and Darcy’s law (Eq. (10)) into the water
phase continuity equation (Eq. (9)) (Fredlund and Hasan, 1979):
mw1
vðsm  uaÞ
vt
þmw2 vðua  uwÞ
vt
¼ v
vx

kxw
v
vx

uw
rwg
þ Y

þ v
vy

kyw
v
vy

uw
rwg
þ Y

þ v
vz

kzw
v
vz

uw
rwg
þ Y

(11)
where kxw, k
y
w, and kzw are the hydraulic conductivity functions in
the x-, y-, and z-directions, respectively.
Eq. (11) was further derived by extending Biot’s consolidation
theory for saturated soils (Biot, 1941). Eq. (1) (or Eq. (3)) was solved
for d(sm  ua) in terms of dεv and d(ua  uw). The term d(sm  ua)
was then substituted into Eq. (2) (or Eq. (4)) (Fredlund and
Rahardjo, 1993). The volumetric water content variation can be
expressed asdq ¼ dVw
V0
¼ bw1 dεv þ bw2 dðua  uwÞ (12)
where
bw1 ¼
mw1
ms1
; bw2 ¼ mw2 
mw1 m
s
2
ms1
By substituting Eq. (12) into the left-hand side of Eq. (11), the
differential equation for water phase is obtained:
bw1
vεv
vt
þ bw2
vðua  uwÞ
vt
¼ v
vx

kxw
v
vx

uw
rwg
þ Y

þ v
vy

kyw
v
vy

uw
rwg
þ Y

þ v
vz

kzw
v
vz

uw
rwg
þ Y

(13)
Eqs. (8) and (13) together are the differential equations for the
coupled consolidation for unsaturated soils that can be used to
predict the volume change behavior of unsaturated expansive soils
(Fredlund and Rahardjo, 1993).
2.1.1. Vu and Fredlund (2004) method
Vu and Fredlund (2004) extended the general consolidation
theory of unsaturated soils and proposed a method for the pre-
diction of one-dimensional (1D), two-dimensional (2D), and 3D soil
heave over time. The governing equations for soil structure (Eq. (8))
and for water phase (Eq. (13)) were solved numerically using
uncoupled and coupled analyses. In the uncoupled analysis, Eq. (8)
was solved independently from Eq. (13). A general-purpose partial
differential equation solver (FlexPDE) was used to obtain the
uncoupled solution. First, the distribution of soil matric suction
over time for speciﬁed boundary conditions was determined. Then,
the soil heave due to the applied boundary conditions and the
change in matric suction was calculated. However, in the coupled
analysis, the governing equations were solved simultaneously us-
ing a ﬁnite element computer program (COUPSO) (Pereira, 1996).
The analysis results include soil heave and matric suction changes
obtained during the transient process. The uncoupled solutions can
be achieved with a relative ease than the coupled solutions,
because the non-linear functions of soil properties involved in
water ﬂow or stress deformation process are considered to be in-
dependent of one another.
A case history of a ﬂoor slab of a light industrial building located
in Regina, Saskatchewan, Canada, was used by Vu and Fredlund
(2004) to test the validity of their prediction method. Fig. 1 pro-
vides the comparison between the soil heave predicted by Vu and
Fredlund (2004) at various matric suction conditions over time
and the total heave measured by Yoshida et al. (1983) at the surface
of the slab. The total heave predicted under the steady state con-
dition agrees well with the measured heave.
Vu and Fredlund (2006) investigated the challenges encoun-
tered by Vu and Fredlund (2004) to characterize the void ratio at
low net normal stresses and/or low matric suctions. Extremely low
elastic moduli are possible for low net normal stresses or low
matric suctions which contribute to unreasonably large soil
movements. These challenges were overcome by providing a
continuous, smooth void ratio constitutive surface based on the soil
swelling indices obtained from the conventional oedometer tests.
Two typical volume change problems, water leakage from a pipe
under a ﬂexible cover and water inﬁltration at the ground surface,
were solved by Vu and Fredlund (2006) using both the coupled and
uncoupled analyses. It was suggested that an uncoupled analysis
may be adequate for most heave prediction problems. However, the
Fig. 1. Measured and predicted heaves at the surface of the slab (modiﬁed after Vu and
Fredlund (2004)).
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swelling behavior of expansive soils.
The prediction method presented in Vu and Fredlund (2004,
2006) was validated using Regina expansive clay. The predicted
results were in a reasonable agreement with the measured values.
The method focused on the prediction of soil heave corresponding
to a short-term condition. The soil shrinkage corresponding to a
long-term condition was neglected. Determination of the co-
efﬁcients of volume change ms1, m
s
2, m
w
1 , and m
w
2 requires the void
ratio and water content constitutive surface to be constructed.
Those constitutive surfaces were obtained from the consolidation
tests or triaxial tests with suction control. However, such tests are
time consuming and require advanced laboratory equipment which
is expensive.2.1.2. Zhang (2004) method
Unsaturated soils attain saturated condition under different
scenarios; however, researchers were unable to provide a uniﬁed
theoretical framework for both saturated and unsaturated soils.
Several investigators provided the coupled consolidation theory for
saturated and unsaturated soils, separately. The concept of the
constitutive surfaces, however, has been provided only for unsat-
urated soils because of the following reasons (Zhang et al., 2005):
(i) volume change theory for saturated soils is well established
through the research work of Terzaghi (1936) and Biot (1941). Both
Terzaghi (1936) and Biot (1941) have suggested using the consoli-
dation curve and have not used the constitutive surfaces for satu-
rated soils; (ii) many researchers use a single stress state variable
(i.e. the effective stress) for interpreting the behavior of saturated
soils.
Zhang (2004) provided the coupled consolidation for both
saturated and unsaturated soils in a uniﬁed manner using the
constitutive surfaces. Thermodynamic analogue was used to
explain the coupled consolidation process for saturated and un-
saturated soils following Terzaghi’s 1D consolidation theory
(Terzaghi, 1943) for saturated soils. The differential equation of
Terzaghi’s consolidation theory is identical to the differential
equation for non-stationary 1D ﬂow of heat through isotropic
bodies. The loss of water (consolidation) corresponds to the loss of
heat (cooling) and the absorption of water (swelling) to an increase
of heat content of a solid body (Zhang, 2004). In other words, the
pore water pressure corresponds to the temperature while the
water content to the heat energy per unit mass. The coupled
consolidation theory for saturated and unsaturated soils includes
the differential equations for soil structure and water phase. Thedifferential equation for soil structure is given in Eq. (8). However,
to derive the differential equation for water phase, it was assumed
that the continuity equation for the water phase is similar to that
for heat transfer (i.e. using thermodynamics principles). As a
consequence, the differential equation for water phase can be
written in terms of speciﬁc water capacity of a soil (i.e. the volume
of water required decreasing unit mass of soil by 1 kPa of matric
suction):
rd Cw
dðsm  uaÞ
vt
þmw2
dðua  uwÞ
vt
¼ v
vx

kxw
v
vx

uw
rwg
þ Y

þ v
vy

kyw
v
vy

uw
rwg
þ Y

þ v
vz

kzw
v
vz

uw
rwg
þ Y

(14)
where rd is the dry unit mass of a soil and Cw is the speciﬁc water
capacity of a soil.
Eqs. (8) and (14) are the differential equations for the coupled
hydro-mechanical stress (consolidation) problem for unsaturated
soils. However, by using the constitutive surfaces proposed by
Zhang (2004) for saturated and unsaturated soils, Eqs. (8) and (14)
can also be used for saturated soils as a special case. Two stress state
variables (i.e. total stress and pore water pressure) were used for
saturated soils in order to develop the constitutive surfaces for both
saturated and unsaturated soil mechanics in a uniﬁed system with
smooth transition.
Close examination shows Eqs. (13) and (14) are the same; the
left sides of both equations are the volumetric water content vari-
ation and the right sides represent the net water ﬂow into the soil
element. Eq. (14) can be used to simulate the water generation by
the heat generation based on the thermodynamic analogue.
Consequently, some already well-established commercial software
packages (e.g. Abaqus, SUPER, and ANSYS) for solving those coupled
thermal stress problems can be modiﬁed for solving the compli-
cated coupled consolidation problems related to geotechnical en-
gineering (Zhang, 2004).
For the simulation of volume change behavior of the soils, the
coupled hydro-mechanical stress analysis was used and the ther-
modynamic part was corresponding to the water phase continuity
of the soil. By applying initial and boundary conditions and using
one of the ﬁnite element methods to solve the differential equa-
tions of the coupled consolidation theory (Eqs. (8) and (14)), the net
stress and the matric suction can be calculated. The calculated net
stress and the matric suction were used as an initial condition for
the next step. This simulation technique can be continuously per-
formed to predict the soil movement over time.
Zhang (2004) modeled a site in Arlington, Texas, USA, extending
the coupled consolidation theory of saturated-unsaturated soils for
estimation of the soil movement over time. Four full-scale spread
footings, referred to as RF1, RF2, W1, and W2, constructed on
expansive soils of the Arlington site were modeled over a period of
2 years. Factors that inﬂuence the movements of expansive soils
such as the daily weather data and the vegetation were considered
for this ﬁeld construction site. Abaqus/standard program was used
for the simulation of the soil movement at the Arlington site based
on several models, including the coupled consolidation theory for
saturatedeunsaturated soils, potential and actual evapotranspira-
tion estimation by using daily weather data, theories for the
simulation of the soilestructure interaction at the soileslab inter-
face. The soil domain considered in the simulation was
10 m  10 m  4 m (length  width  height). Three different
material properties were considered in the modeling, which
include a concrete footing (2 m  2 m  0.6 m), dark gray silty clay
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1.8e4 m). The same site was also modeled by Briaud et al. (2003) to
investigate the damage caused by expansive soils to both concrete
and asphalt pavements. More details of the Arlington site are
available in Briaud et al. (2003) and Zhang (2004).
Fig. 2 shows the average values of the predicted soil movements
at the four corners of the modeled footing, the measured move-
ments of the four footings, and the average values of the measured
movements of the footings over the two-year period. The com-
parison of the predicted movements with the measured move-
ments of each footing did not lead to as good a comparison as that
based on the average values of the measured movements of the
four footings. This could be attributed to the fact that regular
measurements of soil movement can vary signiﬁcantly while the
average measurements are more representative of the actual vari-
ation in the movement of the soil site (Zhang, 2004).
Zhang (2004) method is a comprehensive approach for
modeling the water ﬂow and the soil movement over time. Com-
plex numerical solutions in ﬁnite element computer programs are
required in this approach to address the analogy between the
thermal and hydraulic problems. The use of constitutive surfaces in
this approach contributed to using a uniﬁed system for the ﬁrst
time to simulate the volume change behavior of expansive soils
under both saturated and unsaturated conditions. However, there
are limitations to apply the 3D constitutive surface model in
practice. The proposed constitutive surfaces have been developed
based on testing soils under conditions not typically experienced in
the ﬁeld such as shrinkage or matric suction test at no normal
stress, or a consolidation test at saturated conditions. Also, con-
ventional laboratories are not equipped to conduct shrinkage tests
or matric suction tests which are required for constructing the
constitutive surface of unsaturated soils. These tests are time
consuming that require sophisticated laboratory equipment and
trained personnel.2.2. Methods based on elastoplastic constitutive models
The elastic models developed for predicting the volume change
of unsaturated soils are relatively easy to implement within nu-
merical analysis; however, there are some limitations. The most
important limitation is that there is no distinction between
reversible and irreversible strains, which means that they can only
be used in problems that involve only monotonic loading and
unloading (Wheeler and Karube, 1996). Consequently, a variety ofFig. 2. Soil movement predicted by Zhang (2004) method and the soil movements
measured at the Arlington site over two years (modiﬁed after Zhang (2004)).elastoplastic constitutive models have been introduced and studied
(e.g. Alonso et al., 1987, 1990; Karube, 1988; Gens and Alonso, 1992;
Kohgo et al., 1993; Modaressi and Abou-Bekr, 1994; Cui et al., 1995;
Delage and Graham, 1995; Kato et al., 1995; Wheeler and Sivaku-
mar, 1995; Bolzon et al., 1996; Blatz and Graham, 2003; Chiu and
Ng, 2003; Wheeler et al., 2003; Tamagnini, 2004; Thu et al., 2007;
Sheng et al., 2008). Lloret and Alonso (1980) established that the
constitutive models based on the concept of elastoplasticity pro-
vide a better understanding and explanation of expansive soil
behavior; in particular, those features concerning stress path de-
pendency and soil collapse upon wetting. Alonso et al. (1990)
proposed an elastoplastic constitutive model for unsaturated soils
(i.e. BBM). The BBM can be regarded as potentially one of the most
comprehensive formulations since it incorporates both swelling
and collapse behaviors of unsaturated soil in a uniﬁed compre-
hensivemanner (Thomas and He,1998). The model was formulated
within the framework of hardening plasticity using two indepen-
dent stress variables: the net stress and the soil matric suction. The
model was fully described in Alonso et al. (1990). Only succinct
details will therefore be summarized here.
The BBM is characterized by two yield curves whose hardening
laws are controlled by total plastic volumetric deformation (Fig. 3).
For isotropic stress conditions, the two yield surfaces F1, F2 are
deﬁned in terms of the following stress variables: net mean stress
p ¼ (s1 þ s2 þ s3)/3  ua, deviator stress q ¼ s1  s3, and matric
suction s ¼ ua  uw. The ﬁrst, known as the loading collapse (LC)
yield surface, is related to irreversible compression that can occur
on an increase of load (loading strains) or decrease of suction
(collapse strains):
F1 ¼ q2 M2ðpþ psÞðp0  pÞ ¼ 0 (15)
whereM is the slope of the critical state line as indicated in Fig. 3, ps
is the parameter related to the effect of suction on the cohesion of
the soil, and p0 is the preconsolidation stress at the current value of
suction. In Eq. (15), the parameters ps and p0 depend on the suction,
which are deﬁned as follows:
ps ¼ ks (16)Fig. 3. Yield surface of Barcelona basic model (BBM) (modiﬁed after Alonso et al.
(1990)).
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p*0
!½lð0Þk=½lðsÞk
(17)Fig. 4. Comparison of the calculated soil movement beneath a trail wall versus the
measured data (modiﬁed after Abed, 2007).pc pc
where k is the parameter describing the increase in cohesion with
suction; p*0 is the preconsolidation stress at zero suction (saturated
condition); pc is the reference stress; k is the normal swelling index;
and l(s) and l(0) are the compression indices of the soil at the
current value of s and at the saturated condition (s ¼ 0), respec-
tively. l(s) varies with suction according to:
lðsÞ ¼ lð0Þ½ð1 rÞexpðbssÞ þ r (18)
where bs and r are the soil parameters. With p0 and ps varying with
suction, Eq. (15) describes a family of elliptical yield curves asso-
ciated with different suction values.
The second yield equation, known as the suction increase (SI)
yield surface (Fig. 3), is related to the irreversible compression that
can occur on increase of suction (drying):
F2 ¼ s s0 ¼ 0 (19)
where s0 is the maximum previously attained value of the suction.
Changes of stress and suction within the yield surfaces are
accompanied by recoverable deformations. For convenience, it is
assumed that the soil is elastic and isotropic within the yield sur-
faces. The elastic component of volumetric strain is given by
dεev ¼
k
1þ e
dp
p
þ ks
1þ e
ds
sþ patm (20)
where ks is the suction swelling index, e is the void ratio, and patm is
the atmospheric pressure (i.e. 101.3 kPa).
Once the net mean stress p reaches the yield value p0, the plastic
component of volumetric strain caused by yielding on the LC yield
surface is given by
dεpvp ¼
lð0Þ  k
1þ e
dp*0
p*0
(21)
Similarly, with an increase in suction, if the yield locus s ¼ s0 is
reached, the following plastic volumetric strain caused by yielding
on the SI yield surface will be induced:
dεpvs ¼
ls  ks
1þ e
ds0
s0 þ patm
(22)
Irreversible deformations control the position of the LC and SI
yield surface through Eqs. (21) and (22). This type of hardening
implies an independent motion of both yield curves in the (p, s)
stress space. However, some experimental evidence suggests a
deﬁnite coupling between them (Alonso et al., 1990). A simple way
to couple both yield curves results if their position is controlled by
the total plastic volumetric deformation, dεpv ¼ dεpvs þ dεpvp. Then,
from Eqs. (21) and (22) the hardening laws are proposed as follows:
dp*0
p*0
¼ 1þ e
lð0Þ  kdε
p
v (23)
ds0
s0 þ patm
¼ 1þ e
ls  ksdε
p
v (24)
The BBM is considered to be a suitable model for unsaturated
soils and is thus implemented by Abed (2008) into the PLAXIS ﬁnite
element code (Vermeer and Brinkgreve, 1995) to predict the
movements of expansive soils underneath a trial wall built inBarakat site in Sudan. The wall was made of brick with a length of
1.2 m and a height of 1.9 m above the ground level. The foundation
depth was 0.6 m. The ﬁeld study was originally carried out by Saeed
(2004) in order to investigate the effect of soil replacement on the
wall vertical movement. The soil was exposed to two successive
wettingedrying cycles for a period of about 18 months. Abed
(2008) implemented the numerical analysis for a wall (the wall
with no replacement) to simulate the behavior of expansive soil
itself. The BBMwas used as a constitutivemodel in the analysis. The
numerical analyses involve transient unsaturated ﬂow as well as
deformation analyses. As the approach was based on uncoupled
analysis, the unsaturated ground water ﬂow was ﬁrst estimated
and the resulted suction ﬁelds were used for deformation estima-
tions. The PLAXFLOW ﬁnite element code (Brinkgreve et al., 2003)
was used to simulate the unsaturated ground water ﬂow and to
determine the suction variation with time. The transient ﬂow cal-
culations for the inﬁltration and evaporation processes are very
helpful. By applying transient boundary conditions, the variation of
a suction proﬁle with time can be simulated. According to Saeed
(2004), the soil was always soaked with water during wetting
phase, suggesting an inﬁltration rate equal to the saturated soil
permeability (ksat ¼ 0.02 m/d). A high evaporation rate of 10 mm/
d was applied during the drying phase to account for the observed
severe shrinkage. The initial condition of suction was generated
using the PAXFLOW code. The solution was uncoupled in the sense
that ground water calculations were performed ﬁrst. During the
simulation, the PLAXFLOW code saved the suction values for each
time step. After the ﬂow calculation being done, the PLAXIS code
used the suction values for the deformation analysis. The equilib-
rium was solved and the internal variables were updated for each
time step. Fig. 4 shows that the calculated deformations are in a
good agreement with the measured data for the period of time
under consideration, covering a series of drying and wetting cycles.
The results clearly show the possibility of simulating themovement
of unsaturated expansive soil using ﬁnite element method with a
suitable constitutive model. However, it should be always empha-
sized on the comprehensive understanding of the constitutive
model being used and its limitations (Abed, 2007).
Alonso et al. (1990) and Gens and Alonso (1992) stated that the
BBM provides a simple representation of swelling, but is unable to
reproduce the large swelling strain exhibited by expansive soils.
The model allows only for small reversible swelling in elastic zone.
It is therefore intended for use with partially saturated soils of
moderate to low plasticity, such as sandy clays, clayey sands and
silts, and granular soils. Other models were quickly developed that,
Fig. 5. Soil water content versus volumetric strain obtained from the shrink test
(modiﬁed after Briaud et al., 2003).
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improve some of shortcomings of the original BBM. Gens and
Alonso (1992) extended the BBM for unsaturated highly expan-
sive clays. The extended framework takes explicitly into account
the interaction between a capillary-controlled macrostructure and
a microstructure where physicochemical and other phenomena
occurring at particle level take place. The distinction between the
macrostructure and microstructure provided the opportunity to
take into account the dominant phenomena that affect the
behavior of each structure in a consistent way. The framework for
expansive soils proposed by Gens and Alonso (1992) was based on
the combination of the existing classical elastoplastic model (i.e.
BBM) with the behavior of active clayey minerals in simple con-
ﬁgurations with the purpose of describing the basic features of real
expansive soil behavior. Alonso et al. (1999) performed a series of
modiﬁcations and developments on the framework proposed by
Alonso et al. (1990) and Gens and Alonso (1992) to propose an
enhanced model, called Barcelona Expansive Model (BExM). Based
on the deﬁnition of two coupling functions that express the ratio
between the microstructural strain and the macrostructural plastic
strain, themodel allows a good representation of the phenomena of
stress-suction path dependency and swellingeshrinkage fatigue
during cycles. Comparison with experimental tests performed in a
suction-controlled oedometer apparatus shows the ability of the
model to capture well the qualitative trends of the data and to
adjust them quantitatively in a satisfactory way (Alonso et al.,
1999). The validity of the framework, however, needs to be tested
by comparing its quantitative predictions with reported results of
ﬁeld tests on expansive soils.3. Water content-based methods
The soil movement due to environmental changes over time is
related to soil suction changes. However, water content is more
reliably and easily measured than matric suction and may be sufﬁ-
cient for predicting soil movement (Marr et al., 2004). This section
reviews the current water content-basedmethods for predicting the
soilmovementas a functionof the change inwater contentover time.Fig. 6. Soil movements predicted by Briaud et al. (2003) method and the measured soil
movements at the Arlington site over two years (modiﬁed after Briaud et al., 2003).3.1. Briaud et al. (2003) method
Briaud et al. (2003) proposed a method for estimating the ver-
tical movement (shrink/swell) of the ground surface due to varia-
tions in soil water content over time. The soil water content is used
as a governing parameter; the range and the depth of water content
variations can be estimated from a combination of experiences,
databases, observations, and calculations. The shrink test is sug-
gested to obtain the relationship between the change in water
content and the volumetric strain induced. Fig. 5 shows the typical
relationship of water content versus volumetric strain obtained
from the shrink test. This relationship can be approximated by a
straight line with the slope being the shrink-swell modulus Ew. The
ground surface movement for a given time DH can be calculated in
terms of the shrinkeswell modulus and the shrinkage ratio f (i.e.
the ratio of the vertical strain to the volumetric strain) using the
following equation:
DH ¼
Xn
i¼1
DHi ¼
Xn
i¼1
ðHi fi Dwi

Ewi Þ (25)
where n is the number of soil layers,Hi is the thickness of the ith soil
layer, and Dwi is the change in water content as a function of time
for the ith layer. More details of this method are available in Briaud
et al. (2003).This shrink test-water content method was evaluated by
comparing the predictions with the measurements of the soil
movement at the four full-scale spread footings (i.e. RF1, RF2, W1,
and W2) constructed in the Arlington site (the same site modeled
by Zhang, 2004). Specimens were taken at the site during the two-
year period and data including water content and shrinkeswell
modulus were measured. Fig. 6 shows the comparison between the
soil movements predicted by Briaud et al. (2003) method and the
measured movements of footings over two years. A better simu-
lation of the ﬁeld soil movements was achieved using Zhang (2004)
method in comparison to Briaud et al. (2003) method.
The advantage of Briaud et al. (2003) method, however, is its
capability to predict both the soil swelling and soil shrinkage
simultaneously. This method is based on the information of water
content which is both reliable and simple to measure in compari-
son to the soil suction. The constitutive law is obtained from shrink
tests on site-speciﬁc specimens instead of correlations to the index
properties. However, the method is an uncoupled analysis where
only the inﬂuence of moisture variation is considered. In addition,
when the soil is highly fractured, the shrink test is difﬁcult to
perform. Another drawback is that any theoretical consideration
must make use of the soil-water characteristic curve (SWCC) to
transform the governing equations from suction-based equations
to water content-based equations (Briaud et al., 2003).
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Overton et al. (2006) presented an approach for predicting the
free ﬁeld heave of expansive soils over time based upon the
migration of the wetting front through a soil proﬁle. Analyses of the
migration of the wetting front were conducted using the com-
mercial software VADOSE/W (Geo-Slope, 2005). VADOSE/W is a
ﬁnite element program that can be used to model both saturated
and unsaturated ﬂows in response to the changes in atmospheric
conditions while considering inﬁltration, precipitation, surface
water runoff and ponding, plant transpiration and actual evapora-
tion, and heat ﬂow. The free ﬁeld heave, which will occur at the
ground surface if no stress is applied, is a fundamental parameter in
this approach. The free-ﬁeld heave was predicted using the oed-
ometer method outlined in Nelson and Miller (1992). The general
equation for calculating the free ﬁeld heave is
r ¼
Xn
i¼1
CH zi log10
 
s0cv
s0f
!
i
(26)
where r is the free-ﬁeld heave, CH is the heave index, zi is the
thickness of the ith soil layer, s0f is the in situ effective stress state at
the midpoint of the soil layer for the conditions under which heave
is being computed, and s0cv is the swelling pressure from the
constant-volumetric oedometer test.
The heave index CH represents a relationship between the
percent swell that will occur in a soil specimen and the vertical
stress applied at the time of inundation. CH can be determined from
the consolidation-swell test and the constant-volume test. Typical
results for both types of oedometer tests are shown in Fig. 7. In the
constant-volume test, the percent swell corresponding to the
particular value of inundation stress s0i shown is %S. At an inun-
dation pressure of s0cv, the percent swell is zero. Thus, points B and
D fall on the line representing the desired relationship between s0i
and %S. This relationship is a straight line (i.e. BD) on a semi-
logarithmic plot and the slope of that line is CH.
CH ¼
% S
log10 s
0
cv  log10s0i
¼ % S
log10
 
s0cv
s0i
! (27)
The points B and D can be respectively obtained from the
consolidation-swell test and the constant volume test. However,
this is not practical because it is almost impossible to obtain two
identical soil specimens from the ﬁeld (Nelson et al., 2012). ForFig. 7. Determination of heave index (modiﬁed after Nelson et al., 2007).reliable determination of CH, Nelson et al. (2006) suggested that
several consolidation-swell tests at different inundation pressures
along with one constant volume oedometer test would be required.
Such an approach is rigorous, but difﬁcult to extend in routine
engineering practice. Therefore, to facilitate the use of Eq. (26) and
to determine both %S and s0cv from a single oedometer test, a
relationship was developed by Nelson et al. (2006) between the
swell pressure from consolidation-swell test, s0cs, and the swell
pressure from constant volume oedometer test, s0cv:
s0cv ¼ s0i þ l

s0cs  s0i

(28)
The rationale behind Eq. (28) is that the value of s0cv must fall
between s0i and s
0
cs by proportionality deﬁned by the value of l
(Nelson et al., 2012). Nelson et al. (2006) suggested that a reason-
able value of l for the clay soil in the Front Range area of Colorado,
USA, is 0.6. However, the actual value of l to be used for a soil
should be determined speciﬁcally. Recently, Nelson and Chao
(2014) also developed another relationship (Eq. (29)) to relate s0cv
to s0cs based on observed behavior of expansive soil in oedometer
tests:
log10s
0
cv ¼
log10s0cs þm log10s0i
1þm (29)
where m is the parameter depending on the particular soil, its
expansive nature, and other properties of the soil.
By assuming various values of swelling pressure and percent
swell, the maximum free ﬁeld heave and the depth of potential
heave can be calculated. The amount of the heave at any point in a
soil proﬁle is a function of the amount by which the water content
has increased. The relationship between heave and volumetric
water content for a soil can be determined from oedometer tests
conducted in a laboratory. For soils that are not fully wetted, the
percent swell and the swelling pressure will be less than those
measured after the saturation in oedometer tests. Therefore, in
calculating soil heave, those values must be corrected for the actual
volumetric water content.
The free ﬁeld heave with respect to time is computed by
multiplying the total heave potential (i.e. maximum free heave
from Eq. (26)) at each soil layer by a heave factor obtained from the
heave potential and volumetric water content relationship. The
values of the volumetric water content are obtained from VADOSE/
W at each time step. The relationship between heave potential and
volumetric water content for a soil is determined from oedometer
tests. Overton et al. (2006) extended this approach on soil proﬁles
in the Denver area of Colorado with good and poor drainage. Chao
et al. (2006) also used this approach to investigate the effect of
irrigation practices, poor drainage conditions, deep wetting from
underground sources, and dipping bedrock on the heave variations
over time. The results showed signiﬁcant variation in the predicted
values of heave potential versus time due to the effect of those
factors.
Realistic estimates of the time rate of the migration of the
wetting front and the resulting time rate of soil heave can be ob-
tained by Overton et al. (2006) method for only ideal conditions.
Such ideal scenarios are only possible where sites have homoge-
nous soil proﬁles with minimal macroscale fracturing or cracking,
and/or where the principal direction of heave is perpendicular to
the ground surface. However, if site-speciﬁc analyses have not been
performed to accurately determine the rate of migration of the
wetting front and the resulting time rate of heave, the entire depth
of heave potential should be assumed wet during the life of a
structure (i.e. maximum heave potential should be considered)
(Overton et al., 2006). In addition, the experimental determination
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consuming and difﬁcult to conduct. Some downsides to oed-
ometer tests are related to the extremely long time period required
for achieving the equilibrium condition and the difﬁculty to
simulate the in situ conditions (e.g. drainage conditions and lateral
pressures). Another drawback of the Overton et al. (2006) method
is that it does not give any indication of possible shrinkage.
4. Suction-based methods
Most researchers in the geotechnical engineering ﬁeld since
1960s described the moisture movement in unsaturated soils in
terms of soil suction (e.g. Richards, 1965; Lytton and Kher, 1970;
Mitchell, 1979; Pufahl and Lytton, 1992; Fredlund, 1997; Wray,
1998; Fredlund and Vu, 2001). Richards (1974) suggested that the
soil suction can be used to represent the state of the soil water
much more effectively than the water content for two reasons.
Firstly, soil suction is primarily controlled by the soil environment
and not by the soil itself, and it typically does not exhibit discon-
tinuous trends. The soil suction proﬁle tends towards an equilib-
rium value at a particular depth under a particular climatic
conditionwhilewater content is highly sensitive to the soil material
variables (e.g. soil type, clay content, soil density, and soil struc-
ture). Secondly, the correlation of soil parameters (i.e. permeability
or hydraulic conductivity, diffusivity, and shear strength) with
water content is poor unless other soil properties such as density
and clay content are considered, but these parameters can be
conveniently correlated with soil suction.
In suction-based methods, the movement associated with vol-
ume change of expansive soils can be evaluated by measuring the
present in situ suction condition and estimating (or predicting)
possible future suction condition under a certain environment. The
basic concept of those methods is that the volume change of un-
saturated soils (usually void ratio or vertical strain) is proportional
to the suction variation within the range of ﬁeld conditions.
4.1. Wray et al. (2005) method
Wray et al. (2005) developed a computer program SUCH (it is
named from SUCtion Heave) to predict the soil moisture changes
and the resulting soil surface movements (heave/shrink), particu-
larly under covered surfaces. The SUCH program includes two
models: (i) a moisture ﬂow model for estimating the movement of
water through unsaturated expansive soils based on the diffusion
equation developed by Mitchell (1979), and (ii) a volume change
model developed by Wray (1997) for estimating the vertical soil
movement (heave/shrink) associated with the change in soil suc-
tion over time.
The Mitchell’s transient suction diffusion equation in 3D takes
the form of
v2u
vx2
þ v
2u
vy2
þ v
2u
vz2
þ f ðx; y; z; tÞ
p
¼ 1
a
vu
vt
(30)
where u is the total soil suction expressed in pF units
(1 kPa¼ 0.110pF), a is the diffusion coefﬁcient (mm2/s) which can
be measured in the laboratory (Mitchell, 1979) or calculated from
empirical equations (McKeen and Johnson, 1990; Bratton, 1991;
Lytton, 1994), p is the unsaturated permeability (mm/s), and f(x, y,
z, t) is the internal source of moisture. SUCH program is written in
FORTRAN language, utilizing the ﬁnite difference technique to solve
the transient suction diffusion equation (Eq. (30)). Twomain sets of
information must be given: (i) the initial condition, i.e. the initial
value of suction at each node in the soil mass; and (ii) the boundary
conditions, i.e. the values of suction on the boundaries of the soilmass at each time step. Then, the moisture ﬂow model can be used
to determine the distribution of soil suction in the soil mass over
time.
After the determination of suction distribution through the
unsaturated expansive soil mass, the resulting vertical soil move-
ment at each nodal point associated with the change of soil suction
over time can be estimated. Suction-based model (Eq. (31))
developed by Wray (1997) was used for the estimation of the
resulting soil movements:
DHi;j;k ¼ Dzghi;j;k
	
DpFi;j;k  DpPi;j;k


(31)
where DHi,j,k is the incremental volume change (heave/shrink) at
grid point (i, j, k) over the increment thickness Dz; Dz is the incre-
ment thickness in the z-direction overwhich heave or shrink occurs;
ghi;j;k is the suction compression index at grid point (i, j, k), McKeen
(1980), Lytton (1994), andWray (1997) presented different methods
to estimate the value of ghi;j;k ; DpFi,j,k is the change of total soil suc-
tion expressed in pF units at grid point (i, j, k), and DpPi,j,k is the
change of soil overburden over the increment thickness Dz at grid
point (i, j, k). The vertical movement of each nodal point at the top
surface of the soil mass was calculated by summation of the vertical
movements of the nodal points on the vertical line passing through
that surface point extending from the top to the bottom of the active
zone of the soil mass (Wray et al., 2005).
Wray et al. (2005) method was validated using well-
documented ﬁeld studies, chosen to cover widely varying climatic
and soil conditions, that are located in USA and Saudi Arabia. Two
sites, i.e. Amarillo test site and College Station test site, located in
Texas, USA, were selected to represent a 3D problem (Wray, 1989).
The College Station site and the Amarillo site properties are similar.
The only exception is that the College Station site represents a wet
climate while the Amarillo site was selected to represent a dry
climate. SUCH model was used for the two sites to estimate soil
suction changes throughout the soil mass and the vertical soil
movement at monthly intervals over a period of 5 years (from
August, 1985 to July, 1990). AleGhatt test site in Saudi Arabia
(Dhowian et al., 1985) was also selected to represent a 2D problem,
and was modeled over a period of 36 weeks. Comparisons were
made between the estimated and the measured soil surface
movements at several locations for the investigated ﬁeld studies.
For example, Fig. 8 shows the predicted and measured monthly
surface movements at 1.8 m outside slab edge along longitudinal
axis for the Amarillo site.
The results of the SUCH model have shown moderate to good
correlation with the reported ﬁeld measurements of soil suction
and the associated soil movements for the three sites (Wray
et al., 2005). However, the application of the SUCH model to
practical problems depends on the quantitative expression of the
model parameters (i.e. the diffusion coefﬁcient, the active zone
depth, and the suction compression index) and the initial and
boundary conditions. In SUCH model, the initial soil suction
value information is required for each nodal point. For this
reason, it is a challenge to reliably measure ﬁeld suctions espe-
cially in expansive soils. Also, the results of the validation pro-
cess revealed that Mitchell’s diffusion equation for soil suction
(Eq. (30)) needs to be modiﬁed to model the moisture move-
ments in unsaturated ﬁssured soils (soil cracks mechanism upon
wetting).4.2. Adem and Vanapalli (2013) method
Recently, Adem and Vanapalli (2013) proposed a simple method
for predicting the vertical movements of unsaturated, expansive
Fig. 9. Flowchart for the step-by-step procedure of the MEBM.
Fig. 8. Predicted and measured monthly surface movements at 1.8 m outside slab edge
along longitudinal axis at Amarillo site (modiﬁed after Wray et al., 2005).
Fig. 10. The predicted heaves using Adem and Vanapalli (2013) method and the results
of Vu and Fredlund (2004) under the center of the slab (modiﬁed after Adem and
Vanapalli, 2013).
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elasticity based method (MEBM). The MEBM integrates Fredlund
andMorgenstern (1976) constitutive equation for soil structure (Eq.
(3)) along with the soil-atmosphere model VADOSE/W (Geo-Slope,
2007) to predict the variation of soil movement over time. The
MEBM has been developed based on the assumption that the soil is
an isotropic, linear elastic material, and the inﬂuence of the me-
chanical stress on the volume change of expansive soil underlying
lightly loaded structures is insigniﬁcant and neglected. Hence, Eq.
(3) was simpliﬁed for 1D problems and related the verticalTable 1
Case studies modeled using the MEBM.
Reference Case study description
Adem and Vanapalli (2013) An example problem of a slab-on-ground placed on
(Vu and Fredlund, 2006)
Vanapalli and Adem (2013) A light industrial building in northecentral Regina,
ﬂoor slab over 150 d (Yoshida et al., 1983; Vu and F
Adem and Vanapalli (2015b) A test site in Regina, Saskatchewan, Canada modele
watering of lawn and structural impact were consid
Vanapalli and Adem (2012) A cut-slope in an expansive soil in Zaoyang, Hubei,
with two artiﬁcial rainfall events (Ng et al., 2003)movement of expansive soil with the matric suction changes and
the associated modulus of elasticity. The total vertical soil move-
ment Dh at any depth can be calculated by
Dh ¼
Xn
i¼1

Hi
ð1þ mÞð1 2mÞ
Eð1 mÞ Dðua  uwÞ

i

(32)
where D(ua  uw) is the change in matric suction.
Since it is necessary to deﬁne a value for Poisson’s ratio, Eq. (32)
infers that the matric suction variations in the active zone depth
and the associated modulus of elasticity are the key parameters to
calculate the vertical soil movements (heave/shrink) over time. The
matric suction variations within the active zone depth were esti-
mated using the soil-atmosphere model VADOSE/W. Oh et al.
(2009) proposed a semi-empirical model for coarse-grained soils
for predicting the variation of modulus of elasticity with respect to
matric suction using the SWCC as a tool. The semi-empirical model
was proposed by extending similar concepts that were followed for
the prediction of the shear strength (Vanapalli et al., 1996; Ye et al.,
2010) and bearing capacity (Vanapalli and Mohamed, 2007) of
unsaturated soils.
Recently, Adem and Vanapalli (2015a) have extended this model
for estimating the modulus for unsaturated expansive soils. The
strength of this semi-empirical model lies in its use of conventional
soil properties that include the SWCC and the soil modulus of
elasticity under saturated condition Esat:
Eunsat ¼ Esat

1þ a ua  uw
Patm=101:3
Sb

(33)Regina expansive clay subjected to a constant inﬁltration rate over 175 d
Saskatchewan, Canada subjected to a leakage from the water line below the
redlund, 2004)
d over 1-year period. Various factors such as climate changes, vegetation,
ered (Ito and Hu, 2011)
China, rich in cracks and ﬁssures, subjected to daily climate data over one month
Table 2
Summary of the current methods for predicting the in situ volume change movement of expansive soils over time.
Description Consolidation theory-based methods Water content-based methods Suction-based methods
Based on elastic constitutive
models
(Vu and Fredlund, 2004;
Zhang, 2004)
Based on elastoplastic
constitutive models
(Abed, 2008)
Briaud et al. (2003) Overton et al. (2006) Wray et al. (2005) Adem and Vanapalli (2013)
Governing equations Water continuity, and stress
equilibrium
Water continuity, and stress
equilibrium
The equation of the soil
movement formulated by
extending the parallel between
the shrink testewater content
method and settlement
methods
Free ﬁeld heave equation Mitchell’s transient suction
diffusion equation, and
suction-based empirical model
Simpliﬁed volume change
constitutive equation for soil
structure, and semi-empirical
model for estimating Eunsat
State variables Matric suction, ua  uw and net
normal stress, sm  ua
Matric suction, ua  uw and net
normal stress, sm  ua
Water content, w Volumetric water content, q Total soil suction ua  uw
Required tests Vu and Fredlund (2004):
Conventional oedometer test,
oedometer or triaixal shear
tests with suction control;
Zhang (2004): Consolidation-
swell test, free shrink test,
suction test, and speciﬁc
gravity test
Conventional oedometer test,
oedometer or triaixal shear
tests with suction control
Shrink test Filter paper tests,
consolidation-swell test,
constant-volume test
Tests to measure the diffusion
coefﬁcient and the suction
compression index
Filter paper tests, Conventional
tests to measure saturated
modulus of elasticity, Esat, such
as triaxial or oedometer test
Computer programs Vu and Fredlund (2004):
FlexPDE for uncoupled
analysis, COUPSO for coupled
analysis; Zhang (2004):
Abaqus/standard program
PLAXFLOW for simulating the
unsaturated ground water
ﬂow, and PLAXIS for
predicting the movements
of expansive soils over time
None VADOSE/W for simulating
water migration in response to
atmospheric conditions
SUCH with two models: (i)
moisture ﬂow model, and (ii) a
volume change model
VADOSE/W for simulating
saturated and unsaturated
ﬂow in response to
environment changes
Initial conditions Initial matric suction, (ua uw)i
and initial net normal stress,
(sm  ua)i
(ua  uw)i, (sm  ua)i None Initial water content proﬁle Initial total suction Initial matric suction proﬁle or
initial water content proﬁle
Boundary conditions Matric suction, water ﬂux,
applied load, and soil
displacements
Matric suction, water ﬂux,
applied load, soil
displacements
None Water ﬂux, pore water
pressure, climate data
Total suction, u Matric suction, water ﬂux,
climate data, thermal data, and
vegetation data
Results Vu and Fredlund (2004): 1D,
2D, and 3D heave over time;
Zhang (2004): Vertical
movement of the ground
surface (heave/shrink) over
time
Vertical movement of the
ground surface (heave/shrink)
over time
Vertical movement of the
ground surface (heave/shrink)
over time
Free ﬁeld heave over time Soil surface movements
(heave/shrink) under covered
surfaces
Vertical movement (heave/
shrink) at any depth over time
Applications Vu and Fredlund (2004): A
light industrial building in
Regina, Saskatchewan, Canada;
Zhang (2004): To simulate
footings’ movements for a site
in Arlington, Texas, USA
To predict the movements of
expansive soils underneath a
trial wall built in Barakat site,
Sudan
To simulate footings’
movements for a site in
Arlington, Texas, USA
Soil proﬁles in the Denver area
of Colorado, USA
Amarillo test site and College
Station test site located in
Texas, USA, and Al-Ghatt, Saudi
Arabia, test site
Four case studies from two
countries: Canada and China
(see Table 1)
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conditions; Esat is the elasticity modulus of soil under saturated
condition; S is the degree of saturation; and a, b are the ﬁtting
parameters. It was suggested that a ¼ 0.05e0.15 and b ¼ 2 provide
reasonable modeling of the volume change behavior of expansive
soils (Adem and Vanapalli, 2015a).
Once the matric suction variations within the active zone depth
and the corresponding modulus of elasticity are determined, the
soil movements can be estimated with respect to time using Eq.
(32). Fig. 9 shows the step-by-step procedure of the MEBM for
predicting the vertical movements of unsaturated, expansive soils
with respect to time. Table 1 summarizes four case studies from
different regions in Canada and China that were used for testing the
validity of theMEBM for the prediction of soil movement over time.
These case studies were chosen to be representative of a variety of
site conditions. The modeling details of these case studies using the
MEBM are available in Vanapalli and Adem (2012, 2013), Adem and
Vanapalli (2013, 2015b). Comparisons were provided between the
results from the MEBM and the published results for the investi-
gated case studies. For example, Fig. 10 shows reasonable com-
parisons between the predicted heaves using the proposed MEBM
and the heaves published in Vu and Fredlund (2004) for a light
industrial building in Regina, Saskatchewan, Canada (Vanapalli and
Adem, 2013).
The MEBM is a relatively simple and promising method that can
be used in engineering practice for predicting the long-term ver-
tical movements of unsaturated expansive soils considering all the
environmental factors. These predictions can be made using only
the initial matric suction/water content data and the results from
fairly routine geotechnical laboratory tests. However, the MEBM is
uncoupled analysis where only the inﬂuence of matric suction
variation on the volume change of unsaturated expansive soils is
considered. In addition, the semi-empirical model (Eq. (33)) was
used to obtain the unsaturatedmodulus of elasticity as a function of
only the matric suction, neglecting the inﬂuence of mechanical
stress changes. However, to conduct a reliable estimation of the soil
movements, it is often desirable to effectively describe the soil
modulus of elasticity as a function of its inﬂuencing parameters.
Adem and Vanapalli (2014) successfully used the dimensional
analysis to propose a dimensionless model for estimating the
modulus of elasticity of unsaturated expansive soils. The state of
hydration of soil expressed in terms of the matric suction and the
degree of saturation, the level of compaction and the conﬁnement
described by the initial void ratio and the conﬁning stress,
respectively, are considered to form the dimensionless parameters
towards reliably estimating the soil modulus of elasticity. Valida-
tion of the dimensionless model was conducted using the experi-
mental results of triaxial shear tests for different expansive soils.
The semi-empirical model (Eq. (33)) can be reliably used in practice
for pavements and lightly loaded residential structures. However,
the proposed dimensionless model can be used for all scenarios of
loading conditions (both lightly and heavily loaded structures) with
a greater degree of conﬁdence for estimating the modulus of
elasticity of unsaturated expansive soils.
5. Conclusions
State-of-the-art of methods for predicting the vertical move-
ments of unsaturated expansive soils subjected to environmental
changes over time is reviewed in this paper. The prediction
methods that are available in the literature are classiﬁed into three
main categories, i.e. consolidation theory-based methods, water
content-based methods, and suction-based methods. These
methods are critically reviewed in terms of their predictive capacity
in association with their strengths and limitations to assist thepracticing engineers. Table 2 summarizes the key information of
the methods. The review presented in this paper highlights the
need for simple and efﬁcient methods that can be easily used in
conventional engineering practice to reliably predict the expansive
soil movements with respect to environmental changes over time.Conﬂict of interest
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